Abstract
Background
Laparoscopic surgery for colon cancer [1] has been extensively validated [2] , and long-term survival outcomes are comparable between laparoscopic and open surgery [3] . Laparoscopic right colectomy based on complete mesocolic excision [4, 5] increases the number of dissected lymph nodes, improves prognosis, and lowers local relapse [6, 7] . Nevertheless, anatomic variations of the right colon vasculature are complex [8] , and improper management of vessels during laparoscopic surgery can cause vascular complications [9] . Studies of right colon vascular variations could potentially minimize the risk of complications. Most previous autopsy and imaging studies of the right colon have focused on arteries [10] [11] [12] [13] rather than veins, although venous tributaries of the right colon were recently described in a Japanese cohort using three-dimensional (3D) computed tomography (CT) [14] . Nonetheless, variations of right colon vascularity in Chinese people remain uncharacterized. Preoperative 3D-CT vascular reconstruction is not performed routinely due to radiation risks and other considerations [15, 16] .
We consider that a detailed knowledge of right colon vascular variations is important to improve safety and reduce the risks of vascular complications during minimally invasive surgery. This study aimed to retrospectively review high-resolution videos of laparoscopic radical right colectomy (LRRC) and explore right colon vascular variations in order to summarize the patterns of the variations and identify methods of coping with these variations during surgery. It was anticipated that our findings would provide a useful reference for surgeons.
Methods

Study design
This retrospective study enrolled patients who underwent LRRC at the Department of Tumor Surgery, Second Affiliated Hospital of Fujian Medical University (March 2013 to October 2016). The local ethics committee approved the study. All procedures were in accordance with ethical standards of the relevant committee on human experimentation and Helsinki Declaration. Informed consent was waived because the study was retrospective.
Consecutive patients were initially enrolled based on the following inclusion criteria: (1) malignant colonic neoplasm clinically or pathologically diagnosed before surgery; (2) tumor on the ileocecal valve, ascending colon or hepatic flexure (distal end < 10 cm from the transverse colon); (3) LRRC performed between March 2013 and October 2016; (4) standard D3 lymph node dissection undertaken according to the complete mesocolic excision principle. The following exclusion criteria were then applied: (1) artery-vein classifications or compositions unrecognized due to ineligible standards for D3 lymph node dissection (one case); (2) videos unclear, incomplete, or damaged (five cases); (3) impossible to distinguish artery-vein classifications/ compositions due to excessive hemorrhage/blurred operative fields (three cases); (4) palliative rather than radical resection performed (five cases). Based on the inclusion and exclusion criteria, the final analysis included 60 patients.
Surgical approach
The videos of all 60 surgical procedures featured LRRC (or extended LRRC) using a standard five-port medial approach [17, 18] . The central-to-medial approach was used with the patient in a dorsal elevated, left-tilted position. The small intestine and mesentery were positioned in the left lower abdomen to expose the visual field. The superior mesenteric vein was used as a landmark for the medial border of the LRRC. The mesocolon-mesoileum junction was cut at the inferior ileocolic margin. Via this window, Toldt's gap was extended to expose the horizontal/descending part of the duodenum. The superior mesenteric vein was divided up to the inferior pancreatic margin. The ileocolic artery and right colic artery anterior to the superior mesenteric vein were identified and clamped/transected. The right posterior colon space was extended superiorly, and the superior pancreaticoduodenal vein, right colic vein, and gastrocolic trunk of Henle were identified. The superior mesenteric vein was clamped/transected. The middle colic artery was identified at the pancreatic neck. For extended LRRC, the middle colic artery was clamped/transected at the root, and complete lymph node dissection was performed. For standard LRRC, the left branch of the middle colic artery was preserved. The middle colic vein, identified after opening the superior mesenteric vein sheath, was clamped/transected. The gastrocolic trunk of Henle and tributaries were identified, and every branch was divided. For standard LRRC, the anterior superior pancreaticoduodenal vein was preserved while the right gastro-omental vein, right colic (and accessory right colic) vein, and middle colic vein were transected. For extended LRRC, the gastrocolic trunk of Henle was clamped/transected at its root.
The transverse colon was repositioned after division of the lower colon. For standard LRRC, the gastrocolic ligament was divided outside the gastro-omental arch, Toldt's gap was opened between the mesogastrium and transverse mesocolon, and the transverse mesocolon anterior lobe was opened from the inferior pancreatic margin to the inferior region of the colon. For extended LRRC, group IV lymph nodes and lymphoid adipose tissue within 10 cm of the pyloric arch were removed. The right gastro-omental artery was identified and transected.
The patient was adjusted to the Trendelenburg position and left-tilted 15°. The ileocecus, ascending colon, and hepatic flexure were divided, starting from the "yellow-white boundary" of the ileocecus, mesostenium root, and paracolic sulci up to the interior right posterior colic space. The right colon and accessory fixation tissues were then completely divided.
The pneumoperitoneum was closed, and the right colon (including tumor, mesocolon, and sufficient intestinal segment) was removed via a 5-cm median incision in the upper abdomen. End-to-side (or sideto-side) anastomosis of the ileum and transverse colon was performed. The free margins of the mesoileum and transverse mesocolon were sutured in a closed or open state.
Study methods
All operations were completed by one group of surgeons (a director, associate director, attending surgeon, and resident surgeon). The surgeons understood the vascular anatomic variations of the right colon and could perform all the procedures proficiently. The videos were thoroughly reviewed after surgery. The anatomic characteristics and spatial relationships of the vessels were analyzed, with annotation of screenshots from the videos and collection of results in tables. Based on 
Results
Patient characteristics
Sixty patients (aged 23-83 years; 33 males) were included ( Table 1 ). The tumor locations and perioperative data are summarized in Table 1 .
Variations in right colic vascular anatomy
The variations in right colic vascular anatomy observed in the 60 patients are summarized in Table 2 and Fig. 1 . Specific aspects of the anatomic variations are described below.
Superior mesenteric artery and superior mesenteric vein
The superior mesenteric artery and superior mesenteric vein were present in all 60 cases. The superior mesenteric artery was left of the superior mesenteric vein in 57 cases (95.0%) and right of the superior mesenteric vein in 3 cases (5.0%) (Fig. 2 ).
Ileocolic artery and ileocolic vein
The ileocolic artery was present in 58/60 cases (96.7%), and the ileocolic vein was present in 60 cases (100%); their spatial relationships are displayed in Fig. 3 and Table 2 . Among 58 cases with an ileocolic artery, its 
Right colic artery and right colic vein
The right colic artery was present in 33/60 cases (55.0%). Among these 33 patients, 31 (93.9%) had one right colic artery, with 8 (24.2%) having a common trunk for the right colic artery and middle colic artery that drained into the superior mesenteric artery (Fig. 4) 
Middle colic artery and middle colic vein
The middle colic artery was present in all 60 cases (100%); 8 (13.3%) had a common trunk for the middle colic artery and right colic artery (Fig. 4) , while 1 (1.7%) had a double middle colic artery (Fig. 9) . Among 51 cases with one middle colic artery (excluding those with common middle colic artery/right colic artery trunk or double middle colic artery), the distance of the middle colic artery bifurcation from the pancreatic neck was ≤ 1 cm in 8 (15.7%), 1-2 cm in 34 (66.7%), and > 2 cm in 9 (17.6%). Morphologic features of the middle colic artery are shown in Table 2 .
The middle colic vein was present in 56/60 cases (93.3%): 45 (80.4%) had one middle colic vein, 9 (16.1%) had a double middle colic vein, and 2 (3.6%) had a triploid middle colic vein. Among 45 cases with one middle colic vein, it drained into the superior mesenteric vein in 25 (55.6%) and gastrocolic trunk of Henle in 20 (44.4%) (Fig. 10) . Among 9 cases with a double middle colic vein, 7 (77.8%) had one middle colic vein draining into the superior mesenteric vein and the other into the gastrocolic trunk of Henle, while 2 (22.2%) had both middle colic veins draining into the superior mesenteric Fig. 4 The common trunk of right colic artery and middle colic artery draining into superior mesenteric artery. a The common trunk of one right colic artery and middle colic artery draining into a superior mesenteric artery. b The common trunk of a double right colic artery and one middle colic artery draining into a superior mesenteric artery. MCA, middle colic artery; MCV, middle colic vein; RCA, right colic artery; RCV, right colic vein; RGeV, right gastro-omental vein; SMV, superior mesenteric vein vein; no cases had both middle colic veins draining into the gastrocolic trunk of Henle (Fig. 11 ). Both cases with triploid middle colic vein had one middle colic vein draining into the gastrocolic trunk of Henle and two draining into the superior mesenteric vein (Fig. 12 ).
Discussion
The anatomy of the right colonic vessels varies greatly. Handling the relevant blood vessels, especially Henle's branch, during LRRC for right colon cancer is highly challenging, and damage to the vessels is a major cause of intraoperative bleeding and conversion to other surgical treatments. Previous research has reported vascular variations of the right colon and highlighted their importance, and it is recognized that failure to identify vascular variations during minimally invasive surgery can lead to troublesome bleeding [19] . However, consensus is lacking regarding the assessment and management of these variations. The objectives of this retrospective analysis were to characterize right colon vascular variations from video recordings obtained during LRRC and summarize the patterns in these variations. Our results highlight variations in the branches of the right colonic blood vessels and the relationships between these branches. Our study describes two rarely reported variations in right colon vasculature, namely, a superior mesenteric artery positioned to the right of the superior mesenteric vein and variation in middle colic artery length. Although several published studies have described variations of the right colonic vascular anatomy, our new findings extend our knowledge in this area and highlight uncommon features that might be encountered by surgeons performing laparoscopic right colectomy. We anticipate that knowledge of the right colon vascular variations detailed in this study will help surgeons to reduce the risk of vascular complications during minimally invasive surgery, thereby improving safety and potentially reducing hospitalization time and costs of treatment.
Preoperative 3D-CT has been reported to have high sensitivity, specificity, accuracy, and reliability in establishing mesenteric vessel anatomy [20] . Nonetheless, false-negative and false-positive CT findings do occur [20] . Furthermore, preoperative 3D-CT is not used routinely to define right colonic vascular anatomy due to radiation risks and other factors [15, 16] . The availability of video recordings obtained during LRRC at our institution enabled us to carry out a retrospective analysis of the anatomic variations of the right colonic blood vessels with greater accuracy that 3D-CT and without exposing the patients to radiation. An additional advantage of our approach is that it helped to identify methods that could be used to cope with these variations during minimally invasive surgery. In particular, our research provides insights regarding how to identify, expose, and dissect right colonic blood vessels during surgery in order to minimize the risk of damage to these blood vessels and thus avoid troublesome bleeding. The findings of this study could help surgeons to better understand the different surgical planes, anatomic spaces, and right colonic vascular variations that might be encountered during surgery. In turn, this could facilitate more skillful management of vascular variations during the operation. We speculate that the key approach to dealing with right colonic vascular variations is to track the ileocolonic vessel and Henle's branch along the superior mesenteric vein and prioritize dissection of Henle's branch and other branches. Insights into vascular anatomy provided by our study and others like it could improve the quality of the LRRC procedure, enhance the safety of the operation, and accelerate the postoperative recovery of the patient. The superior mesenteric artery is usually located left of the superior mesenteric vein [21] , but we observed it right of the superior mesenteric vein in 3/60 patients. This uncommon finding has only been reported in a small number of earlier studies. Menten et al. used imaging techniques to identify one case of a superior mesenteric artery to the right of the superior mesenteric vein among 80 children with a normal duodenum position, and two additional cases were described among three children with an abnormal duodenum position [22] . A superior mesenteric artery to the right of the superior mesenteric vein was also demonstrated by imaging in an adult patient with malrotation [23] . In addition, Sodhi et al. reported a counterclockwise (rather than clockwise) rotation of the superior mesenteric vein around the superior mesenteric artery in a minority of asymptomatic children [24] .
Previous investigations [10, 25, 26] found that the ileocolic artery, right colic artery, and middle colic artery sprouted individually from the superior mesenteric artery in 10.7-45.0% of cases, the ileocolic artery and middle colic artery were both present in 100%, and the right colic artery sprouted independently from the superior mesenteric artery in 19-45%. The superior mesenteric vein is a key landmark for right colic vascular anatomy [27] and in our study was identifiable as a purple-blue bulging vertical cord.
The ileocolic artery was present in 96.7% of our cases, i.e., not invariably present as suggested before [14, 28] . The ileocolic artery was anterior to the superior mesenteric vein in 50.0% of our cases, higher than values (33.0-36.7%) reported previously [11, 21] . Since the ileocolic vascular pedicle was invariably present in our study, it is reasonable to take its intersection with the superior mesenteric vein as the starting point for LRRC. The spatial relationship between the ileocolic artery and ileocolic vein was mostly anterior-posterior, and most ileocolic veins drained directly into the superior mesenteric vein with only a few joining the right colic vein before draining into the gastrocolic trunk of Henle. We suggest the ileocolic vein be managed before the ileocolic artery because it is more prone to tearing. In view of the variable spatial relationships, a reasonable approach is to incise the mesentery surface 1 cm below where the ileocolic vein drains into the superior mesenteric vein, incise the fat and superior mesenteric vein pedicle, and enter the nonvascular interval of the pedicle to manage the ileocolic vein, prior to extending Toldt's gap to manage the ileocolic artery.
Excessive positional closeness of the ileocolic artery and gastrocolic trunk of Henle often causes right colic artery absence [29] . The right colic artery was present in 55.0% of our cases and was anterior to the superior mesenteric vein in 90.9% of cases, higher than published values of 19-45% [10, 25, 26] and 62.5-84.2% [11, 21] , respectively; indeed, a right colic artery posterior to a superior mesenteric vein is a novel observation. The reasons for these differences are unclear. Notably, two of our patients had a double right colic artery, a feature not reported previously.
Autopsy reports indicate that the right colic vein originates independently from the superior mesenteric vein in 25% of cases [28] . We identified a double right colic vein in 7 cases; 6 had one right colic vein draining into the superior mesenteric vein and the other into the gastrocolic trunk of Henle, validating the concept of the superior right colic vein. The right colic vein and superior right colic vein differed morphologically (one thick and short, the other long and thin) in these 6 cases, although which feature belonged to which vein could not be definitively established.
We suggest that sequential preference should be given to the right colic artery and right colic vein during clamping/transection. The right colic artery and right colic vein are slender vessels whose traction raises the Fig. 8 In the absence of a gastrocolic trunk of Henle, the right gastro-omental vein drained into the superior mesenteric vein. MCV, middle colic vein; RCV, right colic vein; RGeV, right gastro-omental vein; SMV, superior mesenteric vein Fig. 9 The presence of double middle colic artery. MCA, middle colic artery; RCA, right colic artery; RCV, right colic vein; RGeV, right gastro-omental vein; SMV, superior mesenteric vein risks of tearing. Since the right colic artery and right colic vein drain directly into the superior mesenteric artery and superior mesenteric vein, respectively, tearing could lead to uncontrollable bleeding, necessitating conversion to open surgery.
The presence of the gastrocolic trunk of Henle and its tributaries is highly variable, but dissection of lymph nodes surrounding the gastrocolic trunk of Henle is critical in view of the metastasis route for hepatic flexure/ transverse colon cancer [30] . The gastrocolic trunk of Henle was initially described as formed by the confluence of the right gastro-omental vein and right colic vein, but the pancreaticoduodenal vein [31] and ileocolic vein are also constituent tributaries [14] . The right gastro-omental vein is an inherent constituent tributary [32] , and the gastrocolic trunk of Henle is currently recognized as including at least two tributaries, i.e., the right gastro-omental vein plus a colic vein (right colic vein or middle colic vein). In more than half of cases, the gastrocolic trunk of Henle comprises the right gastroomental vein, right colic vein, and pancreaticoduodenal vein [33] . The gastrocolic trunk of Henle has been classified into three types: gastrocolic trunk, gastropancreatic trunk, and gastropancreaticocolic trunk [34] . The gastrocolic trunk of Henle was present in 88.3% of our cohort, consistent with previous values of 80-100% [27, 31] . The gastrocolic trunk of Henle type was gastrocolic trunk in 35 .8%, gastropancreatic trunk in 9.4% and gastropancreaticocolic trunk in 54.7%.
Over-traction/incisional error of the gastrocolic trunk of Henle and tributaries can lead to massive hemorrhage. In this study, the gastrocolic trunk of Henle was observed to drain rightwards into the superior mesenteric vein at 2 cm below the inferior pancreatic margin. The outline of the gastrocolic trunk of Henle and its tributaries could often be identified by observing the distal end of the right colic vein in the posterior space of the transverse colon. When the pancreaticoduodenal vein was preserved, the right gastro-omental vein, right colic vein, and middle colic vein were transected; for an extended right colectomy, the gastrocolic trunk of Henle was clamped at its root and transected.
Reports have varied regarding middle colic artery presence and origin. An autopsy study found the middle colic artery was present in all cases [35] , whereas a review of operative data revealed middle colic artery absence in 30%, double middle colic arteries in 32.5%, and triploid middle colic arteries in 6% of patients [36] . The middle colic artery usually sprouts from the superior mesenteric artery but can originate from the hepatic or splenic artery [37] or, rarely, the coeliac trunk [38] or dorsal pancreatic artery [39] . In our study, the middle colic artery originated from the superior mesenteric artery in all cases. We consider these results acceptable because the hepatic artery, splenic artery, and celiac trunk were not routinely dissected during laparoscopic surgery. The middle colic artery was present in all cases, in agreement with previous research [35] . We assume that the middle colic artery and right colic artery split from a common trunk originating from the superior mesenteric artery. Previous research [21] has shown that the middle colic artery generally runs on the left anterior side of the superior mesenteric vein, in agreement with our data. Our results also revealed previously unreported variations in the distance between the left-right bifurcation point and sprouting site (1-2 cm in most cases).
Conventional methods to identify the middle colic artery include dissection of the superior mesenteric vein superiorly from the ileocolic vein (which risks middle colic vein injury, particularly in patients with enlarged vascular root lymph nodes) and rotation of the transverse colon and mesentery (which is less successful in patients with more abdominal fat). We suggest that the middle colic artery can be rapidly recognized using the latter method in patients with lower body mass index. For patients with higher body mass index, cautious use of the former approach helps identify the gastrocolic trunk of Henle and its tributaries while avoiding injury to the middle colic artery and middle colic vein. For the minority of patients with the middle colic artery originating from the superior mesenteric artery as a common trunk with the right colic artery, management should be as described above for the right colic artery, and the left tributary of the middle colic artery should be preserved. When clamping/transecting the middle colic artery, it is important to distinguish between confluence of left/right middle colic artery branches and confluence of the right colic artery and middle colic artery.
The middle colic vein can drain into the splenic vein, jejunal vein, or superior mesenteric vein [14, 28] , which are not routinely divided in standard laparoscopic surgery. The apparent absence of the middle colic vein in four of our cases may have been erroneous due to an unrecognized middle colic vein draining into the superior mesenteric vein. Additionally, nine cases in our study had a double middle colic vein and two had a triploid middle colic vein, consistent with previous findings [14] . However, another study of 58 cases identified a double middle colic vein in half the cases and a triploid middle colic vein in 10 cases [28] . The lower number of double and triploid middle colic veins in our study may reflect insufficient anatomic characterization of the left side of the transverse colon.
An important observation was that the middle colic vein was often longer and thinner, and hence more easily missed, if it drained into the superior mesenteric vein rather than the gastrocolic trunk of Henle. Therefore, recognition of vascular variations and careful dissection in the pancreatic neck region are critical.
This study has some limitations. This was a retrospective analysis with a small sample size that considered only patients with right colon cancer. Furthermore, the use of specific inclusion and exclusion criteria may have introduced some selection bias. In addition, the blood vessels of the left colon were not analyzed. Further studies are needed to address these limitations.
Conclusions
This study provides new insights into the anatomic variations of the right colon vasculature in Chinese patients with colon cancer. In particular, we have identified two rarely reported variations in right colon vasculature: positioning of the superior mesenteric artery to the right of the superior mesenteric vein and variation in middle colic artery length. Understanding these vascular variations will help surgeons performing LRRC to minimize the risks of vascular complications, thereby improving safety and potentially reducing hospitalization time and treatment costs. 
